Abstract. We demonstrate that the dispersion of guided propagating modes in certain Photonic Crystal Waveguides (PCWGs) can be kept constant when the waveguide's structure changes along the propagation direction. This suggests that the principle of constant group velocity matching may be utilized to improve impedance matching between different types of PCWGs while at the same time providing significant design flexibility. We illustrate this principle through the design of several efficient coupling structures between two different PCWGs via a local density of states and Fourier transform analysis of the associate electromagnetic fields. The couplers consist of heterostructures whose individual sections exhibit rather distinct structural parameters. Furthermore, we compare these structures to an adiabatic coupler.
INTRODUCTION
Photonic Crystals (PCs) continue to attract considerable amounts of attention, because their dispersive properties may be tailored to almost any need in the fields of optics and photonics. In particular, Photonic Crystal Waveguides (PCWGs) represent key elements in compact integrated photonic circuits and interconnects. Recent progress in semiconductor microstructuring technology have led to low-loss waveguides (McNab et. al., 2003 , Notomi et. al., 2004 , robust add-drop fil-ters (Oliver et. al., 2003) , and high-Q cavities (Akahane et. al., 2003) . Moreover, smart designed PC waveguides may exhibit rather large frequency regions with rather low values for both the group velocity and the group velocity dispersion. In conjunction with high-Q cavities, the slow-light regime offers potentials for active circuits. In such systems, considerable design flexibility may be realized when the requirement of a spatially periodic underlying lattice is relaxed (Chaloupka et. al., 2005 , Zarbakhsh et. al., 2004 . In all cases, the question arises: How to realize the efficient impedance matching at the interfaces between functional elements such as slow-light/fast-light or periodic/non-periodic PCWGs?
Similar to the situation in electrical circuits, one may define the impedance matching , Biswas et. al., 2004 and attempt make the output impedance of a source equal to the input impedance of the load to maximize power transfer and minimize reflection. By fulfilling the three conditions of group velocity matching, mode profile matching, and symmetry matching between the elements, the efficient impedance matching would be possible , Sanchis et. al., 2004 . It is shown that the group velocity and the Bloch impedance of the guided mode are inversely related and impedance diverges when the group velocity tends to zero , Biswas et. al., 2004 . The group velocity and the impedance have very close dependency, and the group-velocity mismatch considerably prevent an efficient coupling process (Michaelis et. al., 2006) . Even choosing the optimum interface, the maximum transmission will be limited by the group velocity mismatch (Sanchis et. al., 2004) .
In PCWGs, adiabatic tapering is the established method where the corresponding theoretical discription is based on standard coupled mode theory and the resulting design rules are based on quasi-constant waveguide dispersion (Petrov et. al., 2004) . The proof of the so-called adiabatic theorem in continuously varying PCWGs employs coupled mode theory and leads to a set of coupled differential equations for the coefficients of the instantaneous Bloch modes at each point of the adiabatically varying waveguide. However, for the description of non-adiabatic variations along the PCWG, a more general approach is required. Ideally, this approach should allow an expansion of the field into an arbitrary (global) basis set and should be able to quantitatively address the interface impedance matching conditions mentioned above.
The fundamental Fourier components of an electromagnetic field represent such a global basis set and can be extracted from a numerically computed field distribution via a Spatial Fourier Transform (SFT) (Jafarpour et. al., 2004) . Besides regular PCWGs, this technique can be applied to aperiodic systems such as photonic quasi-crystals (Chan et. al., 1988 , Janssen, 1988 , Jin et. al., 1999 , Zoorob et. al., 2000 , Kaliteevski et. al., 2001 , Wang et. al., 2003 , curvilinear photonic crystals (Zarbakhsh et. al., 2004) , and circular photonic crystals (Chaloupka et. al., 2005 , Horiuchi et. al., 2004 . It is also possible to work the other way round: For guided modes in an arbitrary waveguide section, we employ a plane wave expansion (PWE) in conjunction with a supercell approach in order to define their (local) dispersion relations and mode profiles. This allows us to quantify the behavior of a general waveguiding structure with respect to impedance matching by evaluating the above-mentioned key quantities. As a result, we obtain a large design flexibility to realize efficient coupling elements between PCWGs which goes beyond the adiabatic tapering concept.
In this paper, we illustrate the above principle by considering the well-studied system of E-polarized radiation in a two-dimensional (2D) square array (lattice period a) of dielectric rods ( = 11.56, radius r) in air. A missing row of rods creates a PCWG generally referred to as W1-PCWG. More generally, a Wx-PCWG is refereed to a PCWG, where adjacent rods on both sides of the waveguide are a(x + 1) apart from each other. In Fig. 1 (a) , we display the structural parameters of a W1-PCWG for the value r/a = 0.18 of the rod radius along with the supercell employed in the PWE analysis. The corresponding dispersion relation is shown in Fig. 1 
Design Principle
Starting from the above waveguide structure, we vary position (lattice constant) and radius of the cylinders and evaluate group velocity, mode profile, and mode symmetry of the resulting structures. It turns out, that over a wide range of parameters, the mode profile and symmetry does not change significantly while the group velocity does exhibit significant changes (factors of 0.01c to c, see e.g. the dispersion in Fig. 1b) . Therefore, in the subsequent studies, we may limit our illustration to the construction of coupling elements with a fixed group velocity v g = 0.5c (c: speed of light in vacuum) at operating wavelength of 1.55µm. The analysis can be extended to the case of varying mode profiles in a straightforward manner.
In Fig. 2 , we display the isosurface of target group velocity in the structural parameter space (a, r/a, and w/a). This isosurface displays the geometrical parameters, which are related to structures with the same group velocity. The 3D isosurface exhibits a seashell-type shape and extends over a rather large range of structural parameters. In particular, we want to note that in Fig. 2 all structural parameters are given in units of the lattice constant a. A projection of this 3D isosurface on the width/radius plane reveals that rather small changes in the width cause rapid changes in the group velocity, while changes in the rod radius have comparatively smaller effects. Based on Fig. 2 , we are able to identify an adiabatic coupler between different types of PCWGs, i.e., from one set of parameters a, r, and w to another one. Fig. 3(a) shows an example of a coupler from waveguide 1, with a = 0.5919µm, r = 0.1738a and w = 1.99a, i.e., a W0.99-PCWG to waveguide 3 with a = 0.3915µm, r = 0.33a and w = 2.95a, i.e., a W1.95-PCWG. The intermediate geometrical parameters have been extracted from Fig. 2 with the constraint of a smooth variation in the lattice constant a. Similar design principles have been already well studied in our previous works, where we have changed the geometrical parameters to design curvilinear PCs (Zarbakhsh et. al., 2004) , circular PCs (Chaloupka et. al., 2005) and variable size PCs (Zarbakhsh et. al., 2006 , Zarbakhsh et. al., 2005 . In Fig. 3(b) , (c), and (d) we compare the bandgap range and waveguiding modes for waveguide 1, middle of the taper 2, and waveguide 3 respectively. The supercell associated with the middle of the taper 2 corresponds to the structural parameters a = 0.463µm, r = 0.253, and w = 2.47. Owing to the variations in lattice constant, the sizes of the first Brillouin zone in Fig. 3(b) , (c), and (d) vary subsequently. These results suggests that waveguide 1 can adiabatically be connected to waveguide 3, which exhibits a smaller lattice constant but larger rod radii. In doing so, the waveguide width is increased to accommodate the mode profile. In fact, Finite Difference Time Domain (FDTD) simulations shows that the transmission through this structure is 98%.
Analysis and Discussion
The mentioned design principle is carried out for one prescribed frequency and requires that the group velocity be the same for all intermediate structures with whom an adiabatic change of lattice constant is realized. However, for application in telecommunication it is desirable to have couplers that simultaneously operate at different wavelengths and/or that the coupler be more compact. Fig. 4 shows the group velocity as a function of wavelength for five different cross sections along the horn waveguide. We define a Group Velocity Mismatch (GVM) at a single frequency as 1/v g1 − 1/v g2 the same notation as it is known in nonlinear pulse analysis (Imeshev et. al., 2000 , Bache et. al., 2006 . Here, the v g1 and v g2 are the minimum and maximum group velocity along the waveguide horn. It is found that the maximum value of GVM is as low as 0.01c −1 at 1.55µm. The FDTD simulation shows a transmission higher than 98%. For longer wavelength up to 1.7µm, as well as shorter wavelength down to 1.4µm, the transmission is still higher than 98%. This is expectable since the GVM in the worse case is only increased to 0.3c −1 . Now, a question raises whether aperiodic waveguiding structures may be employed to provide additional design flexibilities. In fact, waveguiding in an aperidic structure may be realized if this "amorphous" structure provides a photonic band gap similar to the case of the electronic band gap of amorphous silicon. Moreover, the guided modes' lateral localization length λ envelope has to match the mode profile of the PCWGs to be coupled. Here the λ env is defined as |α/(ω edge − ω)| 1/2 , where ω=(2πc/λ) is the light frequency which lies inside a photonic bandgap with the band edge at ω edge , and α = (∂ 2 ω/∂k 2 )| k edge is the inverse effective photonic mass at the band edge with the wavevector k edge = k(ω edge ) (Zarbakhsh et. al., 2004) .
For instance, in the case of the adiabatic coupler, the intermediate structures provide a minimum 10% photonic band gap centered around the design wavelength of 1.55µm and the localization length is found to be of the order of 1µm (Zarbakhsh et. al., 2004) . This scenario can be validated by calculating the Local Density of States (LDOS) ρ( r, ω) The black regions in Fig. 5 correspond to the regions with photonic bandgap and from the maxima at the center of the waveguide in the direction normal to the WG, the LDOS drops roughly one order of magnitude per lattice constant.
We now turn to the issue of non-adiabatic couplers. Based on SFT (Jafarpour et. al., 2004) , we have determined several coupling structures which exhibit a (local) group velocity of v g = 0.5c as well as localization lengths comparable to those of the adiabatic coupler discussed above. In Fig. 6 , we display the results of FDTD simulation and LDOS analysis of three representative structures. Excellent coupling efficiency comparable to that of the adiabatic coupler is achieved in all cases. This suggests that the such aperiodic structures may be utilized as efficient and compact non-adiabatic couplers. This added design flexibility may be utilized to realize additional desired features such as certain group velocity dispersion properties or efficient coupling of several desired wavelengths.
Conclusion
In conclusion, we have introduced a simple method to design impedance matched couplers based on the (considerable) freedom in choosing structural parameters of PCWGs. Based on the principle of constant group velocity, we have designed an adiabatic as well as several non-adiabatic couplers. The non-adiabatic couplers provide an interesting route to realize efficient coupling at several frequencies as well as to engineer the group velocity dispersion. In addition, this principle can be extended to other coupling structures involving beamsplitters and multiplexers. 
